A conventional ladle shroud (LS) is compared with a swirling ladle shroud (SLS) from the points of view of fluid flow dynamics and removal ratio of inclusions from liquid steel flowing through a tundish using water modeling and fluid dynamics approaches. In this tundish the LS generates vortexing flows at the tundish outlets that disappear with the existence of high temperature gradients inside the liquid phase. On the other hand, the SLS avoids efficiently the formation of vortexes and recirculating flows either under isothermal and non-isothermal conditions. Buoyancy forces generated by changes of liquid density enhance upward velocities enhancing the flotation rate of inclusions. The conventional shroud does not promote this effect due to the existence of the vortexing flows. Eventually the LS would drive the fluid toward the bath surface forming entrainment of slag particles by liquid steel while the SLS yields a low turbulent entry jet. The SLS is a good alternative to substitute the current flow control devices available in the market.
Introduction
In a precedent paper by the authors 1) the fluid flow patterns inside a tundish water-model influenced by a swirling ladle shroud (SLS) were studied using Particle Image Velocimetry (PIV) measurements and mathematical simulations under isothermal conditions. The swirling flow was simulated using the turbulence models of k-e, 2) k-w 3) and Reynolds Stress Model (RSM). 4) It was found that only the RSM model was able to predict acceptably well the PIV measurements of flow fields in vertical-longitudinal and horizontal planes of the flow field in that tundish. The k-e model was suitable to simulate the flow fields in the tundish model when a conventional ladle shroud was employed. Moreover, the SLS proved to be an efficient device to decrease fluid turbulence and velocities of the entry jet in the tundish and consequently further studies of this device are deserved to get insights about its performance under different operating conditions of a tundish.
From a practical point of view it is expected that the swirling-ascending motion of the fluid combined with the entry of hot fluid into the tundish would be helpful to increase the flotation ratio of inclusions. However, we must know the balances of buoyancy, inertial and drag forces on the actual particle dynamics under those non-isothermal conditions. Thereby two types of buoyancy forces will come into play those related to the loss of fluid density, due to temperature gradients, which will drag the particles surfaces and those related to the buoyancy forces on particles due to the Stokes law. The role and combinations of those two types of buoyancy forces with the inertial forces, exerted by the fluid flow on the particles, set the conditions for a complex flow that must be understood in order to apply this knowledge to the industrial field.
In the present work two main goals are pursued: to understand the effects of the swirling flow on the thermal stratification of the fluid and on flotation ratio of inclusions and the effect of temperature gradients on the swirling motion. The final aim is to settle down the fundamental basis for this type of swirling ladle shroud to be applied in the continuous casting of steel. This work involves two study approaches such as water modeling using non-isothermal experiments and computer fluid dynamics calculations.
Experimentation
Two types of ladle shrouds were tested a conventional one (LS) and the one here named as swirling ladle shroud (SLS); Figs. 1(a) and 1(b) show the geometric characteristics of each one at a 1/3 scale. The tundish dimensions, at 1/3 scale are the same presented in the precedent paper; 1) see Figs. 2(a) and 2(b) experiments include the feed of step input signals of temperature using a SLS and LS. Table 1 shows the experimental conditions and the flow rate of water together with the corresponding tonnage per minute on the basis of the Froude criterion. Six thermocouples were placed at the axis-symmetrical plane of this tundish at different heights as is indicated in Fig. 2(c) . Thermocouple 1 was located in the tip of the LS, point 1, to detect the time of the first thermal signal. Thermocouples 2 and 3 where placed at about the same height, thermocouple 2 close to the ladle shroud and thermocouple 3 at approximately 1/4 of the tundish length, both temperatures are expected to be different. Other thermocouples 4 and 5 were placed close to the bath surface, the latter specifically, close to the upper corner of the tundish. In the outlet there is a sixth thermocouple. These thermocouples were calibrated using a 25-ohm temperature calibrator to an accuracy of 0.1°C. The emf (electromotive force) signals of these thermocouples are digitalized by an interface and are sent to a PC equipped with an acquisition card and software that permits real time recording-plotting procedures of temperature-time curves.
Thermal scale up can be performed using the following thermal criterion for the equivalence of temperature increases between the water model and the actual tundish prototype ). 8) Therefore all temperature differences to be presented here can be easily translated into actual steel temperatures through Eq. (2).
Mathematical Models

Momentum Transfer Model
For fluid flow simulations with the SLS the Reynolds Stress model (RSM) 1),4) of turbulence was employed since it was proved that this model predicts well the flow fields produced by swirling motions. For the LS the k-e model of turbulence was employed due to the same reasons, i.e. it reproduces well the flow field of non-swirling motions. The unsteady state momentum transfer for the k-e model is given by Where U i is the instantaneous fluid velocity in direction "i", ͗U i ͘ is the time averaged velocity in the direction "i" and u i is the fluctuant velocity in direction "i". Equation (3) should be solved together with the equations of continuity, energy, which is given later, the turbulent kinetic energy equation and the equation of the dissipation rate of this energy together with other algebraic equations and constants all summarized in Table 2 .
• The RSM Model This model abandons the isotropic eddy-viscosity hypothesis of Boussinesq and closes the RANS equations by solving transport equations for the Reynolds stresses, t R ϭ͗u i u j ͘ together with additional equations for the turbulent kinetic energy and its dissipation rate dissipation rate. Hereby the momentum balance is complemented with a transport equation for Reynolds stresses:
........ (5) The first term on the left hand side of this equation is the mean substantial derivative of Reynolds stresses; the second corresponds to the transport of these stresses. The first term on the right hand side of Eq. (5) is the production of stresses, the second term is the pressure rate of stress tensor and the third one is the dissipation rate tensor and the last term is the tensor that arises from buoyancy forces. Variables like ͗U͘, ͗p͘, ͗U i U j ͘, and e are solved at every computing step, however, the Reynolds stresses transport tensor T kij , the pressure-rate-of-strain tensor ᑬ ij and the dissipation tensor should be modeled. The mean-flow convection term D ͗u i u j ͘/D t and the production tensor of Reynolds stresses, P ij , are fortunately in a closed form. This production term is given by:
............ (6) Here is very important to define the relationship between the production tensor of Reynolds stresses P ij and the production of kinetic energy term, P, given in the first term of the right hand side of Eq. (5) Then the production of energy is half the trace of the Reynolds stresses production tensor. The rest of the other terms in Eq. (5) should be modeled. Each one of the models used here is outlined as explained below.
• where C s ϭ0.22.
• Pressure Rate of Stress Tensor This is the tensor which redistributes energy among the Reynolds stresses and there are many models dealing with this transport mechanism, although, the most popular, which is the basis of many other models, is that known as LRR-IP (isotropization of production) 4) and is given by;
. The scalar dissipation rate, e, is computed by solving Equations of continuity (3), (11) and (12) together with the equations for turbulent kinetic energy and its dissipation rate which differ a little from those shown in Table 2 and the heat transfer equation. 
.(17)
Where m t is the turbulent viscosity calculated through, either, the RSM or the k-e model for the SLS and LS, respectively, Pr t is the turbulent Prandtl number (with a value of 0.7) and C p is the heat capacity of liquid water. Water density as a function of temperature is given by the expression. Where r and r p are the densities of the fluid and the particle respectively, u and v p are the velocities of the fluid and the particle respectively, d p is the particle size, m is the fluid viscosity. The first term of the right hand side of Eq. (4) is the drag force acting on the particle because of the velocity differences between the particle and its surrounding fluid and the second term is gravity and buoyancy forces. Where t is its residence time before either, it is trapped by the slag or gets out through the tundish outlet.
To simulate the chaotic effect of the turbulence eddies of the liquid phase on the inclusion trajectories; a discrete random-walk model was applied. Where z is a random number, normally distributed between Ϫ1 and 1, which changes at each integration step. Boundary conditions include trapping by the upper slag, escape at the outlet and inclusions that take contact twice with a solid surface are trapped.
Virtual particles with a density of 567 kg/m 3 in water (1 000 kg/m 3 ) were assumed keeping, in this way, the same density ratio between solid inclusions of alumina and liquid steel. A shape factor for these particles of 0.8 was assumed (shape factor Fϭs/S where s is the surface are of a sphere having the same volume as the particle and S is the actual surface are of the particle). A total time of 300 s after the injection of the thermal step input were considered in these simulations assuming 1 000 particles with sizes from 20 to 60 mm. At every second 1 000 particles were injected and their dynamics was recorded. Thus, in total dynamics of 300 000 particles were considered for floating-absorption simulations.
Boundary Conditions
No-slip conditions are applied at the tundish walls and lade shroud walls and outlets. Close to the walls, wall functions 2, 3) were employed to avoid computing oscillations due to the existence of very high velocity gradients. The velocity profile in the ladle shroud was assumed to be flat and calculated through: Where Q is the water flow rate and A nozzle is the cross section area of the nozzle. A similar boundary condition is applied in the tundish nozzles. The corresponding boundary conditions for the kinetic energy and its dissipation rate are: Initial conditions for heat transfer involve a homogeneous room-temperature field and adiabatic conditions at the bath surface tundish bottom and tundish walls. These conditions were found to be acceptable according to a precedent work.
1)
Results and Discussion
Temperature Fields
The comparison between experimental temperature measurements in the tundish with the SLS and predicted temperatures using the model of turbulence RSM is helpful to corroborate that this model is also reliable to simulate fluid flow under non-isothermal conditions. Figures 3(a) , 3(b) and 3(c) show the calculated temperature profiles (marked with letter M of mathematical) at the vertical-symmetric plane of the tundish 27, 120 and 240 s respectively after the introduction of a step temperature input which are compared with the readings obtained through the immersed thermocouples (marked with letter P of physical). From these results we can conclude that, indeed, the RSM model predicts acceptably well the fluid flow governed by a swirling jet under non-isothermal conditions. The main source of error can be ascribed to the adiabatic boundary conditions. The fluid flow using the conventional LS was simulated, as pointed out above, using the k-e model. 1) Similar trends to those described in Figs. 2(a)-2(c) regarding the accuracy of the k-e model to describe the experimental thermal field were observed for a tundish using the LS.
Velocity Fields
The fluid flow using the conventional LS was simulated using the k-e model. 1) Figures 4(a) , 4(b), 4(c) and 4(d) show the velocity looking at an isometric view of a horizontal plane using the conventional LS under isothermal conditions, 27, 120 and 240 s after the thermal step input, respectively. Either, under isothermal or non-isothermal, conditions the LS yields high vertical velocities along the back and frontal tundish walls as is marked by numbers "1" and "2". Under non-isothermal conditions fluid velocities at point "3" are slightly increased due to the buoyancy forces oriented toward the bath surface. The recirculating flow marked by point "4" in Fig. 4(a) is eliminated by the buoyancy forces and transformed into an upstream flow, as is seen in Figs. 4(c)-4(d) . The free shear flow marked by point "5" becomes with time into a downwards-downstream flow. Point marked with number "6" indicates the formation of a vortex flow that is intensified during the first seconds after the step input of temperature as is seen in Fig. 4(b) . However, after long times, the vortex is partially eliminated. Fluid velocities at the impact pad remain with a high turbulence and are independent of the thermal conditions indicating that at that zone the inertial forces exceed considerably the buoyancy forces as has been demonstrated in other works. 5(a) , and non-isothermal conditions after 27, 120 and 240 s after the introduction of the step temperature input respectively, using the SLS. At a glance is clear, by comparing Figs. 4 and 5 that fluid velocities in the back and front tundish walls, marked with numbers "1" and "2", are considerably decreased in the present case due to the dissipation of turbulent energy and this is also well evident at the impact pad marked with number "7". Velocity vectors at point marked with number "3" are reoriented vertically and their magnitude increase slightly, in relation to the isothermal flow, by buoyancy forces and the recirculating flow marked with number "4" is annihilated using the SLS. Buoyancy forces affect also the recirculating flow marked with numbers "5" and "6".
The set of Fig. 7 , does not yield vortex flows at the outlets levels and moreover, the flow pattern remains practically constant, the buoyancy forces drive the fluid along the bath surface and the fluid reaches well the lateral walls of the tundish. Benefits of fluid flow using the SLS are readily seen by comparing the velocity fields, 120 s after the step temperature input, in the vertical-symmetric plane of the tundish as is seen in Figs. 8(a) and 8(b) for the conventional LS and the SLS, respectively. In the first Figure the fluid flows toward the tundish bottom in the central part, flows along the bath surface through a portion of the bath surface and, after impacting the lateral walls, forms a recirculation flow toward the LS direction along the tundish bottom. On the contrary, the SLS drives the flow toward the entire bath surface enhancing the probability for trapping of inclusions by the cover slag.
Flotation of Inclusions
In these simulations two extremes of particles size of 20 and 100 mm, difficult and easy to float out, respectively were considered. Figures 9(a) , 9(b) and 9(c) show trajectories of ten particles and their residence times (indicated by the numbers in each trajectory) for 20 mm size 27, 120 and 240 s after the thermal step input using the conventional shroud., while Figs. 10(a) , 10(b) and 10(c) show the same type of information for the size of 100 mm. Small sizes show a rotation trend in the pouring box and a high proportion of the injected particles reach the outlets. At short and intermediate times, after the step input, the recirculation of particles in the pouring box seems to be dominant due to the strong buoyancy forces, as the time passes on, Fig. 9(c) , buoyancy forces are less dominant an more particles are transported by inertial forces toward both extremes of the tundish. Large size particles are more influenced by buoyancy forces than small particles and they remain recirculating in the pouring box, Figs. 10(a) and 10(b), at intermediate times, after the step input (Fig. 10(b) ) residence time of 100 mm particles are the longest among all cases simulated, many particles remain in flow loops without going to the slag phase neither to the outlets. At long times, Fig. 10(c) , inertial forces take preponderance over buoyancy forces and eventually a larger proportion of inclusions is carried toward the outlets. In spite of the large particle size also a good proportion of them go to the outlets. Trajectories and residence time for small particles sizes (20 mm) in a tundish using the SLS are shown in Figs. 11(a), 11(b) and 11(c) 27, 120 and 240 s after the injection of the step temperature input, respectively. Figures 12(a) , 12(b) and 12(c) show the same type of information for particles with a size of 100 mm. As is seen for small particles, the SLS is very effective to float them toward the slag with very small residence times (compare Figs. 11(a) and 9(a) ). Even at long times, when inertial forces are dominating the flow, most of the particles are floated out after relatively short times. Large particles float out without any difficulty as is seen in Figs. 12(a)-12(c) , without doubt the SLS provides rotational-ascending motions to the fluid 1) which enhance the effects of buoyancy forces. In case of small or large particles using the SLS allows a small amount of particles passing through the outlets. It can be said from the results in Figs. 11(a)-11(c) and 12(a)-12(c) that the use of the SLS improves the flotation rate of small and large particles and that in some sense the flotation rates are close to be independent from particle size. Removal ratio of inclusions from the tundish calculated by the dynamics of 300 000 particles is summarized in Fig.  13 for both types of ladle shrouds under isothermal and non-isothermal conditions. Under isothermal conditions the SLS performs better than the LS due to the formation of a flow that does not generate vortices close to the outlets. Thermal gradients in non-isothermal flows enhance vortices flows close to the outlets leading to a less efficient work for floating inclusions using the LS. Eventually inclusions are entrained by those vortices directing their trajectories toward the outlets of the tundish. On the other hand the SLS takes advantages of the buoyancy force by Stokes mechanisms on particles, which is assisted by the buoyancy force of liquid originated from the density gradients promoted by the temperature gradients in the liquid. A prime advantage of the SLS over the LS is that due to the low turbulence of the entry jet the entrainment of slag is inexistent. Thus, the feasibility to substitute all flow control devices inside the tundish by using the SLS is open to discussion and plant trials.
Conclusions
Water modeling and fluid dynamics approaches are employed to compare the performances of a ladle shroud (LS) and a swirling ladle shroud (SLS) from the points of view of fluid flow patterns and removal ratio of inclusions. From the results the following conclusions are drawn:
(1) Usage of the LS leads to the formation of flow vortices at the outlets of the tundish, which disappear under the influence of high temperature gradients.
(2) Different to the LS, the SLS does not give origin of vortices close to the outlets either under isothermal conditions or under high temperature gradients.
(3) The k-e model of turbulence and the Reynolds Stress Model predict acceptably well the thermal fields of the liquid phase for the LS and the SLS, respectively.
(4) Thermal gradients and buoyancy forces of liquid, work together to enhance the floating inclusions phenomena when the SLS is employed. This is not the case when the LS is used due to the eventual presence of flow vortices.
(5) The SLS makes the flotation rate of inclusions less dependent on particles sizes.
© 2005 ISIJ Fig. 12 . Trajectories of inclusions in the water flow obtained by mathematical simulation at the isometric view using conventional ladle shroud and particle of 100 mm under: (a) 27 s after the thermal step input, (b) 120 s after the thermal step input, (c) 240 s after the thermal step input.
Fig. 13.
Removal ratio of inclusions calculated by mathematical simulations using conventional and swirling ladle shrouds under isothermal and non-isothermal conditions.
